Background: Preterm delivery (PTD) may be characterized by altered interrelationships among angiogenic factors and measures of placental function. We analyzed the longitudinal relationship between maternal serum concentrations of soluble fms-like tyrosine kinase 1 (sFlt1), an important antiangiogenic factor, and uterine artery resistance in pregnancies resulting in preterm and term deliveries. Methods: Data were collected in a longitudinal cohort study involving 278 women monitored at 6 to 10, 10 to 14, 16 to 20, 22 to 26, and 32 to 36 weeks of gestation. Concentrations of maternal serum sFlt1 were determined using solidphase enzyme-linked immunosorbent assay, and uterine artery resistance indices (RI) were measured by Doppler velocimetry at each interval. Preterm delivery was defined as birth before 37-weeks completed gestation. Data analyses used multivariable repeated measures regression models. Results: Uterine artery RI decreased across gestation. As pregnancy progressed, RI trajectories diverged for term and preterm deliveries; the mean RI was significantly higher in third trimester for pregnancies resulting in PTD (P ¼ .08). sFlt1 was stable through 21 3/7 weeks of gestation and then increased rapidly; women who delivered preterm had significantly higher sFlt1 levels in the third trimester (P ¼ .04). The relationship between uterine artery RI and sFlt1 from the prior visit was significantly different between the groups (P < .0001). For term deliveries, higher sFlt1 concentrations were associated with a smaller RI at the subsequent visit (b ¼ À.08, 95% confidence interval [CI]: À0.14 to À0.02). For PTD, higher sFlt1 concentrations were associated with a larger uterine artery RI (b ¼ .14, 95% CI: 0.06 to 0.22). Conclusion: PTD is characterized by altered relationships between angiogenic factors and placental vascular blood flow starting in early pregnancy.
Background
The birth of a healthy infant at term depends on the establishment of the maternal-fetal vascular interface early in gestation and ongoing placental development during pregnancy. 1 Disruption of important angiogenic and vasculogenic processes underlying placentation contributes to the pathophysiology of several adverse perinatal outcomes including risk of preterm delivery (PTD). [2] [3] [4] Accordingly, spontaneous preterm delivery is associated with histopathological evidence of disordered placentation [5] [6] [7] [8] [9] [10] and altered placental blood flow. 11 Pregnancies that result in PTD may be the result of a distinct pathophysiological state arising from a number of clinical conditions that disrupt the physiological systems involved in placentation and placental vascular development. This state is characterized by dysregulation of factors involved in angiogenesis, [12] [13] [14] a greater degree of failure of physiologic transformation of the spiral arteries in the myometria and decidua of the placental bed than normal pregnant women at term, 8 and higher uterine and umbilical artery resistances. 11 Since PTD may be a disordered physiologic state starting very early in pregnancy, the interrelationships among angiogenic factors, antiangiogenic factors, and measures of placental function may be very different in pregnancies that result in PTD when compared to those that result in term deliveries.
Soluble fms-like tyrosine kinase 1 (sFlt1), a splice variant of the vascular endothelial growth factor (VEGF) receptor Flt1, is a potent antiangiogenic protein that antagonizes the effects of the proangiogenic proteins placental growth factor (PLGF) and VEGF. Variation in maternal serum concentrations sFlt1 has been associated with disorders of placental angiogenesis 12, 13 and risk of PTD. 15 Variation in uterine artery resistance as measured by Doppler velocimetry provides functional insight into placental vascular development and blood flow and is itself associated with risk of PTD. 11, 16 We investigate the hypothesis that the relationship between maternal serum concentrations of sFlt1 and uterine artery resistance differs across gestation between pregnancies that result in term and preterm deliveries.
Methods

Data Collection and Study Variables
Data for this study were collected as part of a prospective cohort study of pregnant women who presented for early prenatal care at the University of Michigan Health System (UMHS). Women were eligible for inclusion if they were 18 to 45 years of age, 6 to 10 weeks of gestation at the time of presentation, had a singleton pregnancy, and intended to deliver at the study hospital. The study was approved by the UMHS Institutional Review Board.
Data and laboratory samples were collected at 5 time intervals during pregnancy: 6 to 10, 10 to 14, 16 to 20, 22 to 26, and 32 to 36 weeks of gestation. At each interval, data were obtained from a brief interview, fetal ultrasound measurements, and a maternal blood draw. Additional data such as date of delivery, type of delivery, birth weight, and infant gender were collected at delivery. Data were analyzed for a cohort of 278 participants who delivered a live infant and were measured for all relevant variables during the first 2 years of the study. Participants with major structural fetal abnormalities or prenatally diagnosed aneuploidy were excluded from the analysis. Fewer than 3% of data were missing for any variable.
Gestational age at each visit and delivery were calculated from ultrasound measures of gestational age between 6 and 10 weeks of gestation. Preterm delivery was defined as birth before 37-weeks completed gestation. Pregnancy-induced hypertension was defined using the International Society for the Study of Hypertension in Pregnancy classification. 17 At each visit, maternal blood samples were collected in a serum separator tube and allowed to clot for 30 minutes before centrifugation for 15 minutes at 1000 Â g. The serum samples were aliquoted and stored À86 C until analysis. Serum concentrations of maternal sFlt1 were determined using solid-phase enzyme-linked immunosorbent assay (ELISA) conducted in duplicate using commercially available kits (R&D Systems, Inc, Minneapolis, Minnesota). Assays were performed by personnel who were blinded to all patient identifiers and pregnancy outcomes.
At each visit, Doppler measurements on the left and right uterine arteries were obtained just proximal to the point where they crossed the internal iliac artery. These data were collected by 1 of 5 sonographers at a single site trained by and under the supervision of a project coinvestigator solely for research purposes and were not available to clinicians involved in the participants' prenatal care. Sonographers performing research sonograms were blinded to clinical information about the participants.
For each Doppler waveform, the peak systolic velocity (S), end diastolic velocity (D), resistance index (RI ¼ (S À D) / S), and pulsatility index were measured 3 times. Since there may be laterality differences in uterine artery RI, a nested 1-way analysis of variance was used to test the average difference between the left and right uterine artery RI. Since there were no significant differences (P > .10) between the average measurements on the 2 sides, the values of the left and right uterine artery RI for each individual were combined, and all 6 measures were averaged together for each visit.
Statistical Analysis
All statistical analyses were performed using SAS version 9.3 (SAS Institute, Cary, North Carolina). Differences between term delivery and PTD were determined using the w 2 test for categorical variables and the t test for continuous variables. Cross-sectional analyses were performed to compare mean sFlt1 and uterine artery RI values at each of the 5 time intervals for the term and preterm groups, and sFlt1 values were log transformed for normality; then, an independent samples t test was performed at each time interval. For uterine artery RI, no transformation was required before conducting t tests. The risk ratios for preterm delivery were explicitly calculated for sFlt1 and uterine artery RI values at each of the 5 time intervals using a log-binomial model.
Inspection of cross-sectional sFlt1 values indicated that in both the term and the preterm groups, the values remained relatively stable through the fourth visit (22-26 weeks of gestation) and then increased sharply by the fifth visit (32-36 weeks of gestation). The change in log(sFlt1) over gestation was therefore modeled using a simple piecewise model in which values were allowed to change linearly over time until the 21 3/ 7 weeks of gestation, at which point a quadratic term was allowed. Model fit was analyzed using both likelihood-based fit statistics (eg, the Akaike information criterion) and an examination of the residual values from the model. This piecewise model had better fit than simple linear and quadratic models, cubic models, and models fit using restricted cubic splines. Multiple points were examined as possible origins of the quadratic increase in mid to late gestation; 21 3/7 weeks was chosen both for its superior model fit and for its simplicity. Qualitative results did not change substantially among these similar models for sFlt1. A repeated measures model with an unstructured covariance matrix was used to account for correlation between sFlt1 values across visits within a participant.
Inspection of the cross-sectional uterine artery RI values showed that RI decreases over gestation in both the term and the preterm groups, with a faster decrease in early gestation than later. A quadratic model fit this pattern well for both the term and the preterm groups. A repeated measures model with an unstructured covariance matrix was used to account for correlation between uterine artery RI values across visits within a participant; allowing the covariance matrix to differ between term and preterm participants did not improve model fit for uterine artery RI, so nesting within preterm groups was not used for covariance estimation.
The effect of sFlt1 on uterine artery RI was investigated assuming there was a lag in the effect of sFlt1 on uterine artery RI so that the effect of sFlt1 from the prior study visit on the uterine artery RI from the current visit was estimated. The effect of sFlt1 on uterine artery RI was investigated in cross-sectional analyses by fitting a linear model for the uterine artery RI value at that visit on the log(sFlt1) value from the previous visit.
Finally, we use a multivariable repeated measures model to examine whether the effects of sFlt1 from the previous visit on uterine artery RI from the subsequent visit (a "lagged" effect) differ between term and preterm participants. The regression equation used for this model is given by:
where GA is the gestational age at time t, UTRI is uterine artery RI at time t, and lagSFLT is the maternal serum sFlt1 concentration at time t À 1. This repeated measures model was also fit with an unstructured covariance matrix; the covariance matrix was estimated separately for the term and preterm groups. Table 1 describes the characteristics of our study sample. Of the 278 pregnancies in our sample, 19 women delivered preterm for an overall PTD rate of 7%. Our sample had a low prevalence of traditional sociodemographic risk factors for PTD. Approximately 81% of our participants were white, 6.1% were African American, and 95.7% were non-Hispanic in origin. Nearly 85.6% our sample were married at the time of enrollment, and 56.5% had achieved at least a college degree; 43.5% had a postgraduate education. Nearly half of our sample reported a total household income of US$80 000 or greater. More than half (65.1%) of the women in our sample were multiparous. Only 8.9% of our participants smoked during pregnancy. As expected for this relatively homogeneous sample, sociodemographic risk factors, ethnicity, maternal age, parity, marital status, education, income, prepregnancy body mass index, diabetes, and smoking were not significantly associated with risk . There was a low prevalence of chronic disease and pregnancy-related complications, including gestational diabetes, in this low-risk cohort. There were only 4 cases of pregnancy-induced hypertension in the entire cohort, and only 2 were among the preterm deliveries. Excluding these cases from the analyses did not change the results. We first modeled the trajectories of uterine artery RI and sFlt1 across pregnancy. Figure 1 contains plots of the uterine artery RI trajectories for women who delivered term and preterm. The RI decreases across gestation for all pregnancies. However, the trajectories of the RI for term and preterm deliveries appear to diverge as pregnancy progresses so that the mean uterine artery RI measured during third trimester (32-36 weeks of gestation) was significantly larger for women who delivered preterm (P ¼ .08) and predicted a significantly higher risk of PTD (P ¼ .0017). Figure 2 contains plots of maternal serum sFlt1 concentrations across pregnancy. In both groups, maternal serum sFlt1 concentrations are relatively constant through early second trimester (21 3/7 weeks of gestation) and then increase rapidly during late second and third trimester such that the mean sFlt1 level was significantly larger in the third trimester (32-36 weeks of gestation) for women who delivered preterm (P ¼ .04).
Results
We then tested the hypothesis that the relationship between maternal serum concentrations of sFlt1 and uterine artery RI differs between pregnancies that result in preterm compared to term deliveries. Specifically, the effect of sFlt1 on uterine artery RI was investigated assuming there was a lag in the effect of sFlt1 on uterine artery RI so that the effect of sFlt1 from the prior study visit on the uterine artery RI from the current visit was estimated. This model assumes that variation in sFlt1 levels in early gestation is associated with a pathophysiologic process that influences variation in uterine artery RI several weeks later. For mothers who delivered term, higher sFlt1 concentrations were associated with a smaller uterine artery RI at the subsequent visit (b ¼ À.08, 95% confidence interval [CI]: À0.13 to À0.03; P ¼ .0009), whereas for mothers who delivered preterm higher sFlt1 concentrations were associated with a larger uterine artery RI at the subsequent visit (b ¼ .14, 95% CI: 0.06 to 0.22; P ¼ .003). The relationship between sFlt1 and uterine artery RI is shown in Figure 3 . The difference in the effect of sFlt1 on the uterine artery RI trajectories between mothers who delivered term and preterm was significant (P < .0001). Analyses modeling the relationship between sFlt1 and uterine artery RI contemporaneously (without a lagged effect) were qualitatively similar with inflated, but significant, P values.
Discussion
We hypothesized that pregnancies resulting in PTD may be associated with a unique pathophysiological state that alters the interrelationships among angiogenic factors, antiangiogenic factors, and measures of placental function when compared to pregnancies that result in term deliveries. We investigated this hypothesis in a small but uniquely characterized longitudinal cohort with repeated measures sFlt1 and uterine artery resistance across pregnancy. Our results provide preliminary evidence that the nature of the physiologic relationships among factors involved in placentation may be qualitatively altered from early in gestation in pregnancies resulting in PTD.
As in prior studies, 11, [19] [20] [21] our data show that uterine artery RI decreases across gestation for pregnancies that result in both term delivery and PTD with a consistently larger RI starting in early second trimester for pregnancies that deliver preterm ( Figure 1 ). The observed trends in the uterine artery RI support the hypothesis that preterm pregnancies may be associated with abnormalities in processes needed to transform the uteroplacental vasculature into a low-resistance, high-capacity system as pregnancy progresses. 1, 2, 4, 13, [22] [23] [24] Maternal serum sFlt1 concentrations are relatively constant through early second trimester (about 21 3/7 weeks of gestation) and then increase rapidly for both term and preterm pregnancies. However, for mothers who delivered preterm, sFlt1 concentrations tended to be higher starting in the first trimester and increased very rapidly in second and third trimesters ( Figure 2 ). Along with these differences, our analyses show that pregnancies resulting in PTD are characterized by a significantly different longitudinal relationship between maternal serum concentrations of sFlt1 and uterine artery resistance compared to pregnancies that resulted in term deliveries. For mothers who delivered term, higher maternal serum sFlt1 concentrations were associated with a smaller uterine artery RI later in pregnancy, whereas for mothers who delivered preterm, higher maternal serum sFlt1 concentrations were associated with a larger uterine artery RI later in pregnancy. These differences may reflect a disorder of placentation starting in early gestation.
Placentation involves extensive angiogenesis in maternal and fetal placental tissues accompanied by a marked increase in placental blood flow as pregnancy progresses. 25 This process requires the precise spatiotemporal coordination of many angiogenic factors, including VEGF, PLGF, and their cognate protein tyrosine kinase receptors, including Flt1 and Flk1, 1,2,4,13 among other factors. Accordingly, both VEGF and PLGF can be detected in maternal plasma in early gestation and rise to a peak at the end of the first trimester. 26, 27 These factors are associated with the process that results in increased placental blood flow as pregnancy progresses.
The soluble receptor sFlt1 is an antiangiogenic factor secreted primarily by syncytiotrophoblasts into the maternal circulation. 13 It antagonizes the effects of PLGF and VEGF by sequestering circulating ligand or dimerizing with fulllength receptor and preventing signal transduction. Increases in VEGF and PLGF activity during normal pregnancies result in a concomitant rise in circulating sFlt1 levels, presumably to compensate and control elevated systemic bioactivity of these proangiogenic factors during pregnancy. 27 In healthy pregnancies that result in term delivery, the maternal sFlt1 level is likely to reflect its normal physiologic role as an antiangiogenic factor that modulates VEGF and PLGF activity so that higher sFlt1 concentrations mirror increases in VEGF activity that are associated with a smaller uterine artery RI later in pregnancy.
In contrast, placentation in pregnancies resulting in PTD may be a disordered physiologic state that leads to aberrant blood flow in the placenta with local tissue hypoperfusion and hypoxia. This phenomenon underlies the relationship of abnormal fetal growth to preterm delivery. 28 Prior work has shown that placentas from pregnancies complicated by PTD are found to have a greater degree of failure of physiologic transformation of the spiral arteries in the myometria and decidua of the placental bed than in normal pregnant women at term. [5] [6] [7] [8] Accordingly, early elevations in maternal serum sFlt1 levels seen in pregnancies that deliver preterm (Figure 2 ) may be a response to upregulated VEGF expression accompanying impaired cytotrophoblast invasion of the uterine blood vessels and resulting tissue hypoxia early in pregnancy. [29] [30] [31] [32] These abnormalities may result in compromised placental blood flow in deliveries that result in PTD. Thus, the rate at which the uterine artery RI decreases is smaller for pregnancies that result in PTD. 11 Using a lagged model, we suggest that abnormalities of placentation early in pregnancy fundamentally alter the relationship between angiogenic factors, placental angiogenesis, and fetoplacental blood flow that ultimately manifests in reduced uterine artery flow. Aberrant blood flow may lead to tissue hypoxia that progressively upregulates expression of proangiogenic factors, such as VEGF, to facilitate angiogenesis in the compromised placenta. [29] [30] [31] [32] Increased levels of these proangiogenic factors may be a primary compensatory mechanism to the underlying pathophysiologic process as pregnancy progresses. Concomitant increases in placental sFlt1 expression may accompany such changes, 33 with the largest increases occurring late in pregnancy. Such effects are seen in placentas from pregnancies complicated by severe preeclampsia with IUGR. 30, 34, 35 As a result, in pathologic pregnancies that result in preterm delivery, maternal sFlt1 concentrations may be a reflection of the disordered physiologic state that results in markedly elevated expression of proangiogenic factors (eg, VEGF) in the placenta so that higher maternal serum sFlt1 levels mirror these levels and are associated with a larger uterine artery RI.
Although we present a model for disordered placentation in pregnancies resulting in PTD that explains the abnormal relationship between maternal sFlt1 concentrations and uterine artery RI, our data do not distinguish whether increased placental sFlt1 production is a primary or secondary event. In our analysis, we examined the effects of sFlt1 from the prior study visit on the uterine artery RI from the current visit which strongly suggests that changes in sFlt1 concentration are an antecedent effect. Nevertheless, a variety of clinical conditions including acute infection, chronic infection, abnormal inflammatory responses, altered homocysteine metabolism, dyslipidemia, and insulin resistance can influence placental vascular development. Thus, abnormal placentation may mediate the effects of a range of environmental, genetic, and physiological factors on the risk of PTD. If aberrant angiogenesis, perhaps a consequence of inflammatory or infectious factors, is an early event in PTD, increased sFlt1 release may be a secondary phenomenon. That is to say, abnormal placental vascular development may represent a final common pathway for a number of pathologic processes that are associated with PTD. 3 However, it remains possible that primary dysregulation of angiogenic factors results in aberrant angiogenesis giving rise to abnormal uterine artery blood flow.
Our study is among the first to demonstrate an abnormal relationship between maternal serum sFlt1 concentration and placental blood flow in pregnancies affected by PTD; our analyses are limited by the sample size. The prospective cohort design of this study is ideally suited for measuring longitudinal data for the analysis of time dependence of key variables over the course of gestation. Moreover, this design also ensures that an accurate estimate of gestational age can be determined from an early ultrasound examination. However, the identification and recruitment of study participants early in pregnancy inherently limits study participation to a group of women who present for prenatal care and are able to attend multiple study visits. Women without prenatal care or with late, interrupted, or sporadic care are less likely to have been included. As a result, our sample size is relatively small and low risk with a preterm delivery rate of 6.8%.
The statistical models (ie, the linear mixed model) used here specifically addresses time-dependent exposures and outcomes. Measurement of variables starting in first trimester provides a unique and comprehensive view of the dynamics of the relationship between sFlt1, uterine artery RI, and risk of PTD across the entire span of gestation. Moreover, in contrast to most prior studies, we have used a repeated measures analysis appropriate for longitudinal data. This analysis enhances the precision of the parameter estimates and increases the power to detect differences. 36 Thus, despite the relatively small number of preterm deliveries, our results are likely robust. Larger studies that can more thoroughly model the temporal relationship between various angiogenic factors and placental blood flow will be needed to distinguish between the different pathogenic possibilities described earlier. In addition, the interplay among various proangiogenic and antiangiogenic factors will have to be considered more fully in larger longitudinal studies to appreciate the role of this system in the etiology of PTD.
Conclusions
Our findings have important implications for understanding the pathogenesis of PTD. Our results suggest that pregnancies resulting in PTD may be the result of a distinct pathophysiological state that alters the fundamental interrelationships among angiogenic factors and their relationship with placental function, rather than a consequence of a supraphysiologic normal response. A better understanding of interrelationships among angiogenic factors, their relationship with normal and abnormal placental angiogenesis, and pregnancy outcomes will ultimately lead to improved management of pregnancies that may be affected by PTD. Moreover, as a potential etiologic mechanism, placental vascular dysfunction may offer novel preventative and therapeutic possibilities for some pregnancies at risk of PTD.
